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Nanocrystalline iron sulfides form in diverse anoxic environments. The initial precipitate is commonly referred to as nanocrystalline mackinawite (FeS) or amorphous FeS. In order to better understand the structure of the initial precipitate and its conversion to mackinawite and greigite (Fe 3 S 4 ), we studied synthetic iron sulfide samples that were precipitated from hydrous solutions near room temperature. The transformation of precipitated FeS was followed in both aqueous and dry aging experiments using X-ray powder diffraction (XRD) and scanning and transmission electron microscopy (SEM/TEM) and selected-area electron diffraction (SAED). Under tightly controlled anoxic conditions the first precipitate was nanocrystalline mackinawite. In contrast, when anaerobic conditions during synthesis were not completely ensured, freshly precipitated iron sulfide was typically X-ray amorphous (FeS am ), and showed only one broad Bragg-peak at 2Θ = 16.5°(5.4 Å). A distribution of interatomic distances calculated from pair-distribution function analysis of SAED patterns of FeS am showed that only short-range (b 7 Å) order was present in the bulk of the material, with Fe mainly present in tetrahedral coordination. SEM and TEM images confirmed the poorly ordered structure and showed that FeS am formed aggregates of curved, amorphous sheets that contained 3-8 structurally ordered layers at their cores. Such layers are generally assumed to be structurally similar to the tetrahedral iron sulfide layers in mackinawite. However, both inter-and intralayer spacings measured in high-resolution TEM images (~5.3 to 6.3 and~3.0 to 3.1 Å, respectively) were significantly larger than the corresponding spacings in crystalline mackinawite (5.03 and 2.6 Å, respectively), suggesting that short-range structural order within the semi-ordered layers of FeS am was not mackinawite-like. In aqueous aging experiments at room temperature, FeS am transformed into a mixture of mackinawite and greigite in~2 months, and completely converted to platy greigite crystals after~10 months. These aqueous transformations were likely driven by excess sulfur in the reacting solutions. We also studied the conversions of nanocrystalline mackinawite. In order to accelerate phase transitions, the initial FeS precipitate was heated to 120°C, resulting in the formation of crystalline mackinawite within 2 h; at 150°C, the material converted directly to pyrrhotite. Finally, when stored in a dry state at room temperature, crystalline mackinawite converted to greigite in 3 months, much faster than in the equivalent experiments in the aqueous solution, probably as a result of a more oxidative environment. The distinction between FeS am and nanocrystalline mackinawite is significant, since conditions for the formation of both phases are present in natural settings. Our experiments in a well-sealed anaerobic chamber simulate iron sulfide formation under anoxic conditions, whereas the samples that were prepared under less tightly controlled conditions can be regarded as representative of the oxic-anoxic transition zone in sediments. Our observations of the structural and morphological features of precipitated FeS am and the details of its aqueous conversion to greigite at ambient conditions are relevant to problems related to the biogeochemical cycling of elements in anoxic and suboxic marine sediments. An additional important finding is that even at moderately high temperatures (up to 170°C), the conversions of iron monosulfides follow different pathways than at ambient conditions.precipitate is typically described as either mackinawite (FeS) or amorphous iron sulfide, where the term amorphous is dictated by the use of conventional XRD analysis. Depending primarily on redox conditions, the first precipitate may react to form more stable phases such as greigite (Fe 3 S 4 ) and pyrite (FeS 2 ) Cahill et al., 2000; Rickard and Morse, 2005; Pósfai and Dunin-Borkowski, 2006; Hunger and Benning, 2007; Rickard and Luther, 2007) . Under certain conditions pyrrhotite (Fe 1 − x S) can also form in anoxic sediments (Horng and Roberts, 2006; Larrasoana et al., 2007) (Table 1) . In addition to their geological significance, iron sulfide minerals can be used in soil or water remediation: mackinawite was shown to effectively immobilize heavy metals and toxic ions through sorption mechanisms (Watson et al., 1995; Holmes, 1999; Mullet et al., 2004; Livens et al., 2004; Wolthers et al., 2005; Liu et al., 2008; Gallegos et al., 2008; Renock et al., 2009) .
Despite a large number of studies on the formation and phase transitions of iron sulfides, the exact structure and the physical properties of the first precipitate are not satisfactorily known. For the low-temperature synthesis of iron monosulfide, three approaches are commonly used: reacting sulfide with either (1) metallic iron or (2) a ferrous solution, and (3) by using sulfate-reducing bacteria. In general, method 1 leads to crystalline mackinawite with a stoichiometric composition (Lennie et al., 1995; Mullet et al., 2002) , whereas processes 2 and 3 result in either ordered mackinawite (Michel et al., 2005; Benning et al., 2000) or disordered, mackinawite-like phases (termed 'FeS am ' hereinafter) (Wolthers et al., 2003; Shi et al., 2006; Renock et al., 2009; this study) . Typically, the XRD patterns of such disordered materials contain a broad peak between~5 and 6 Å, usually interpreted as indicating an expansion along the c axis relative to that of crystalline mackinawite (Herbert et al., 1998; Ohfuji and Rickard, 2006; Jeong et al., 2008) (Table 2 ).
In the structure of crystalline mackinawite, the Fe atoms are in the centers of tetrahedra that form sheets parallel to (001) that are held together by van der Waals forces between S atoms (Fig. 1a) . In the past, expansion along the c axis of crystalline mackinawite was explained by excess cation uptake between S-S layers (Vaughan and Ridout, 1971) . It was also suggested that water molecules can be incorporated between the tetrahedral sheets (Wolthers et al., 2003) or that the expansion may be caused by lattice relaxation due to the small crystallite size (Rickard and Luther, 2007) . Wolthers et al. (2003) described FeS am as a mixture of two vaguely defined structures, "mkA" and "mkB"; however, the existence of two distinct phases was not confirmed by subsequent studies. The discrepancies between results of similar experiments were also attributed to the difficulty of characterizing nanocrystalline materials and the tendency of the nanocrystals to aggregate (Michel et al., 2005) . In addition to the choice of the basic synthesis method (Table 2) , the structure of the final product may be affected by various parameters, including the particular source of ferrous iron, the synthesis temperature, and whether wet or dry material is analyzed. Freeze drying can induce some oxidation . Thus, it is difficult to identify a single factor that is responsible for the formation of "non-mackinawite" FeS (FeS am ).
Magnetic measurements showed that ferrimagnetic greigite can be an important component of anoxic sediments (Roberts, 1995) . Although in some cases the initial iron sulfide precipitate was reported to contain greigite alongside mackinawite (Watson et al., 2000; Gramp et al., 2010) , it is generally assumed that greigite does not form directly from solution but converts from the pre-existing mackinawite (Hunger and Benning, 2007) . The phase transition requires the oxidation of iron and either the addition of sulfur or loss of iron (Horiuchi, 1971; Lennie et al., 1997) . Under anhydrous conditions, Lennie et al., 1995 Skinner et al., 1964 De Villiers and Liles, 2010 Skála et al., 2006 a Cell parameters for 6C pyrrhotite.
Table 2
Observed d > 5 Å spacings in precipitated iron sulfides synthesized via three different routes. Spacings that are significantly larger than d (001) in crystalline mackinawite are designated by asterisks (RT: room temperature, XRD: X-ray powder diffraction, TEM: transmission electron microscopy, TMS: transmission Mössbauer spectroscopy, XPS: X-ray photoelectron spectroscopy, PDF: pair distribution analysis, SEM: scanning electron microscopy, LAXRD: low-angle X-ray powder diffraction, HRTEM: high-resolution transmission electron microscopy, XAS: X-ray absorption spectroscopy, SAED: selected-area electron diffraction). (Lennie et al., 1997; Pósfai et al., 1998; Boursiquot et al., 2001) , with the preservation of the cubic close-packed sulfide substructure that is the same in mackinawite and greigite ( Fig. 1 ). Conversely, in aqueous solutions, dissolution and reprecipitation processes are likely involved, as greigite formation from mackinawite occurs when conditions become either more oxidizing or when the pH is lowered (for example, if Eh > −0.1 or pH b 6 at 1 mM total Fe and S 2 − concentrations, at 25°C
and 1 bar pressure) Rickard and Luther, 2007) . Despite many studies and the importance of iron sulfide phases in past and present environments, the structural details of the aqueous phase transition from the initial precipitate into crystalline mackinawite and greigite, and the changes in crystal morphologies and particle sizes are not well understood.
In this study, we explore the structural and morphological features of precipitated FeS and follow its conversion to mackinawite and greigite. FeS was synthesized from ferrous solutions and then aged both in the supernatant (either at room temperature or by heating the samples up to 170°C) and in the dry state. Here, we report the results of high-resolution electron microscopy and X-ray powder diffraction studies of precipitated FeS and its aging products.
Methods and materials

Synthesis of FeS
Fresh iron monosulfide precipitates are extremely sensitive to oxygen , and therefore we synthesized all samples in anaerobic environments. Two types of chambers, one at the University of Pannonia (UP), and another at the University of Leeds (UL) were used. The UP chamber is a plastic (50 × 40 × 50 cm) glovebox in which the O 2 -free atmosphere was ensured by a continuous flow of N 2 gas after all reagents and necessary appliances were inserted into the box. The UL anaerobic chamber is a Freter-type, heavy-duty, flexible PVC chamber (Coy Laboratory Products), with an airlock and a 5:95% H 2 :N 2 gas mix and Pt catalysts maintaining anaerobic conditions. The syntheses as well as all subsequent handling of prepared iron sulfide materials were done either in sealed reactors or inside the anaerobic chambers. All reagents were of analytical grade and were used without further purification. Deoxygenated water was used as the starting solvent for all solutions. It was prepared by boiling milliQ water for an hour and bubbling N 2 during the heating and cooling periods after which the deoxygenated water was introduced into the chamber.
FeS slurries were precipitated following the methods of Chen et al. (2005) . In brief, 100 ml of 0.3 M Fe 2 + solution (prepared from FeSO 4 ⁎ 7H 2 O) was mixed with 100 ml of 0.52 M thioacetamide solution (C 2 H 5 NS) in a beaker on a magnetic stirrer. After a few minutes a third solution, 10 ml of deoxygenated, 2.86 M NaOH, was slowly added to raise the pH to near neutral. In this way a bluish black precipitate formed immediately. This intermediate product could not be identified because of its instability. The covered glass beaker was heated inside the chamber on a hot plate at 70-80°C for 40-60 min. This initial aging turned the precipitate inky black. Parts of the samples were mixed with glycerol in order to avoid the oxidation by air while the samples were transferred from the anaerobic chamber to the diffractometer.
Aging of FeS
In order to study the structural and morphological changes associated with the phase transitions of iron sulfides, we aged FeS slurries using two procedures.
(a) Freshly prepared FeS slurries synthesized in the UP chamber were transferred in their original supernatant into sealed beakers (covered with parafilm, watch glass and Al foil), and stored in a dry, dark cupboard for up to 10 months at room temperature. Changes in solid phase compositions were monitored on subsamples removed from the beakers weekly for a month, then about every 2 months. The beakers were transferred back into the glovebox (UP), and samples were collected, filtered and washed several times with deoxygenated water and ethanol after filling the box with nitrogen gas. Then the samples were freeze-dried. (b) Another aging procedure was used for the samples prepared in the UL chamber. While still inside the anaerobic chamber, aliquots of the freshly synthesized FeS slurries were transferred into Teflon-lined stainless steel Parr reactors. These were sealed, and after removal from the anaerobic chamber they were reacted in a pre-heated oil bath or oven for 2, 5, and 12 h at temperatures of 120, 150 and 170°C. After the set time, the reactors were quenched to 25°C and transferred back into the anaerobic chamber (UL). The solutions were filtered, and the resulting solids washed with deoxygenated water and ethanol and then freezedried. These high-temperature freeze-dried samples were sealed in triple-contained N 2 -filled vials and stored in gas-tight plastic bags filled with N 2 for up to 3 months. Subsets of these samples were used for high-resolution electron microscopy, and the remainders of the samples were again analyzed by X-ray powder diffraction after 3 months of storage under dry and anaerobic conditions in order to evaluate the dry transformation processes.
Solid characterization
The structures, compositions, particle sizes and morphologies of the resulting solid samples were studied using X-ray powder diffraction (XRD) and scanning and transmission electron microscope techniques (SEM and TEM, respectively). XRD patterns were obtained using Philips PW1710 and PW1050 diffractometers (CuKα radiation, scanning rate 1-2°/min, step size 0.01°, 2Θ range 5-65°). The relative percentages of the phases in each XRD pattern were derived by Rietveld refinement using the TOPAS software version 4.2 (copyright 1999-2009 Bruker AXS) and available structural data for the mineral phases. SEM images were recorded either on a conventional (JEOL JSM-5800, 20 keV) or a field-emission-gun electron microscope (FEG-SEM, LEO 1530 Gemini, 3 keV). Bright-field TEM images and selected-area electron diffraction (SAED) patterns were recorded on image plates, using a Philips CM20 microscope operated at 200 kV and fitted with a Noran Voyager energy-dispersive X-ray detector. For obtaining atomic distances from SAED patterns, integrated diffracted intensities (I exp ) were retrieved using the ProcessDiffraction software (Lábár, 2005) . I exp was then used for obtaining the reduced interference function (Q · i(Q)), according to the equation
, where f is the atomic scattering factor for electrons, and the scattering angle Q = 4πsinθ/λ (where θ and λ are the Bragg angle and the wavelength of the electron beam, respectively). Then the Fourier transform of Q · i(Q) was calculated, resulting in the reduced correlation function G(r) = 4πrρ 0 [g(r) − 1], where ρ 0 is the average density of the material, and g(r) is the pair distribution function (PDF). Since g(r) = ρ(r)/ρ 0 , where ρ(r) is the density at r distance from the origin, the PDF is essentially a frequency distribution of individual atomic distances. High-resolution transmission electron microscopy (HRTEM) was performed using either a JEOL 3010 or a JEOL 2010F microscope (operated at 297 and 200 kV, respectively). For the XRD and TEM data processing CrystalDiffract, CrystalMaker, ProcessDiffraction and DigitalMicrograph were used.
Results
The same chemical reactions performed in two different anaerobic chambers resulted in different products. Whereas FeS am was produced in the UP chamber, nanocrystalline mackinawite formed in the fully anoxic UL chamber. Therefore, the two sets of samples are discussed separately.
Precipitated iron sulfide FeS am (UP)
Conventional XRD suggested that the initial precipitate was poorly ordered, as evidenced by a sole broad band in the XRD pattern at 2Θ = 16.5° (Fig. 2) . This band corresponds to a d-spacing of 5.4 Å, which is significantly larger than the d (001) of crystalline mackinawite (5.03 Å) ( Table 2 ). Peaks at the positions of otherwise intense 011, 111 and 112 reflections of mackinawite, as well as those corresponding to greigite were absent. Smaller peaks showing the presence of minor amounts (with the error of analysis taken into account, b5%) of elemental sulfur and goethite are artifacts from oxidation during sample transfer and aerobic XRD analyses.
FeS am has a characteristic microstructure, consisting of several μm-large aggregates of curved, wrinkled sheets that are~65-85 nm thick ( Fig. 3a and b) . Edge-on views of the curved sheets (Fig. 3c) reveal that their central unit consists of 3-8 semi-ordered atomic layers. These central units are coated by completely amorphous material, the wavy, fluffy surface of which can also be observed in high-resolution SEM images. While the structures of semi-ordered layers can be studied in HRTEM images, the embedding, amorphous material can be characterized on the basis of SAED patterns.
The basically amorphous character of the material is reflected by SAED patterns obtained from entire aggregates that typically contain only faint, diffuse rings at~2.4 and 1.4 Å, and in some patterns at 5.7-6 Å. These values are inconsistent with the mackinawite structure. Distributions of atomic distances, obtained from pair distribution function (PDF) analysis of two SAED patterns (Fig. 4) , show two prominent peaks at~2.1 and 3.45 Å (the first, unmarked peak in the distribution is an artifact from data processing). The 2.1 Å-peak can be interpreted as resulting from the Fe-S distance if iron is tetrahedrally coordinated, and the 3.45 Å-peak is consistent with S-S distances. No distinct peaks appear beyond~7 Å, suggesting no correlation between atoms beyond this distance. Thus, the bulk of FeS am can be regarded as consisting of a completely disordered arrangement of [FeS 4 ] tetrahedra.
HRTEM images show distinct features at the cores of the amorphous sheets that consist of a few atomic layers (Fig. 3c) . The spacing between these layers varies from~5.3 up to 6.3 Å, and the layer stacking does not appear to follow any ordered pattern. In the HRTEM images, the contrast of each individual atomic layer consists Fig. 2 . X-ray powder diffraction patterns of FeS am samples prepared in the UP anaerobic chamber and aged in the supernatant at room temperature for the time periods indicated on each spectrum. On top are calculated patterns for mackinawite and greigite (mk: mackinawite; gr: greigite; # and + mark goethite and elemental sulfur peaks, respectively). of a series of white dots, suggesting an ordered structure. The spacings between the white dots within individual atomic layers may vary to some extent but are typically between~3 and 3.1 Å (Fig. 5) . In places where the iron sulfide sheets are perpendicular to the electron beam, no atomic ordering could be observed in the HRTEM images. The absence of intense phase contrast conditions in this view results from both in-plane and interplanar structural disorder.
Aging of FeS am in the supernatant (UP)
The XRD patterns of the aged FeS am showed distinct changes as a function of time, regarding both the presence and the proportion of phases ( Fig. 2 and Table 3 ). After 2 months at room temperature, the broad band at 2Θ~16.5°shifted, approaching the value for the 001 reflection of crystalline mackinawite (5.03 Å), and other mackinawite peaks appeared (i.e., 011, 110, 111, 200). In addition, small greigite peaks appeared after 2 months. According to quantitative analyses, the proportion of greigite increased from~18 to 65% between 2 and 5.5 months aging (Table 3) . A SAED pattern of the 5.5-month-old sample (Fig. 6) illustrates the simultaneous occurrence of mackinawite and greigite in the same aggregate. Subsequently, the amount of greigite further increased, reaching 100% in the 10-month-old sample (Table 3 ). The greigite in this final sample formed aggregates of crystalline platelets that were up to~150 nm wide but only a few nm thick ( Fig. 7a and b) , much smaller and thinner than the amorphous sheets in FeS am . Furthermore, the platelets had straight edges and surfaces, and neither mackinawite, nor amorphous FeS am was associated with them, as confirmed by HRTEM images and SAED patterns (Fig. 7c) .
Precipitated FeS mackinawite (UL)
The structure of FeS prepared in the UL anaerobic chamber clearly differs from that of FeS am . XRD patterns obtained form the freshly precipitated material either did not show any peaks at all or were consistent with the structure of mackinawite. Significantly, if the 001 peak was present, it appeared at the position expected for ordered mackinawite. SEM images (Fig. 8) show aggregates of curved platelets that are much smaller and thinner than the sheets in FeS am (Fig. 3a) . No amorphous coating is apparent on the platelets. Based on these results, the precipitated FeS can be identified as nanocrystalline mackinawite.
Aging of FeS by heating (UL)
The aging of FeS slurries by heating resulted in (a) faster transformation rates and (b) partly different iron sulfide phases than the roomtemperature aging experiments of FeS am . When reacted at 120°C for only 2 h, the sole resulting mineral phase was crystalline mackinawite as indicated by the presence of all mackinawite reflections at their calculated positions in the XRD pattern (Table 3 ; Fig. 9 ). TEM images of the 2-hour, 120°C sample (recorded after storage under N 2 for several days) showed crystalline platelets that were~10 to 500 nm long (Fig. 10a) . SAED patterns (Fig. 10b) indicated that the sample contained minor greigite in addition to the major phase, mackinawite.
XRD patterns obtained immediately after reacting FeS at 150 and 170°C, showed mixtures of mackinawite and hexagonal pyrrhotite with no greigite (Table 3 ; Fig. 9 ). With increased reaction time, pyrrhotite became the only product. Consistent with these XRD results, euhedral hexagonal iron sulfide, presumably pyrrhotite, was observed in SEM images (Fig. 11a) , and pyrrhotite was identified in SAED patterns (Fig. 11c) . Although the XRD evaluation indicated no greigite in any of the 150 and 170°C samples, a few euhedral crystals with cubic morphologies and an iron-sulfur composition were observed in SEM images (Fig. 11b) and tentatively identified as greigite. Furthermore, SAED patterns of the same samples obtained after a few days storage in a dry state under N 2 also confirmed the presence of greigite and even troilite ( Fig. 11e and d, respectively) .
Dry aging of heated samples under anaerobic conditions (UL)
The high-temperature samples were stored for 3 months under anaerobic conditions and then reanalyzed with XRD. Samples that were prepared at 120°C and originally contained 100% mackinawite almost completely converted to greigite and pyrrhotite (Table 3 ; Fig. 9 ). In the samples that originally contained both mackinawite and pyrrhotite (heated at 150°C for 2 and 5 h), mackinawite converted to greigite, while the proportion of pyrrhotite remained almost unchanged. Samples that consisted of pyrrhotite only (prepared at 150 and 170°C), were stable during storage and showed no significant changes (Table 3) . Wet, 120°C, 2 h 100
Wet, 120°C, 2 h + dry, RT, 3 m - 
Discussion and conclusions
Structure and particle size of precipitated FeS
The structure of the first precipitate was reported in the literature either as amorphous or as consistent with that of crystalline mackinawite. In most cases, reactions with ferrous solutions resulted in poorly crystalline or amorphous precipitates, whereas reactions with metallic iron produced mackinawite (Table 2) . It was noted by several authors that the material is extremely fine-grained and aggregated, and therefore difficult to characterize. In addition, the structure of the freshly precipitated material was shown to be very sensitive to small changes in pH (Harmandas and Koutsoukos, 1996; Wolthers et al., 2003) , minor amounts of atmospheric oxygen (Hunger and Benning, 2007) , and slight oxidation during freeze-drying . Apparently, subtle changes in reaction conditions can result in the precipitation of either amorphous ('poorly crystalline') FeS am or crystalline mackinawite. Another important variable that affects how the material is described is the choice of the analysis technique; in some cases, the same material appears to be amorphous with conventional XRD but turns out to be crystalline mackinawite (albeit with b3 nm grain size), when identified using PDF analysis of synchrotron XRD patterns (Michel et al., 2005) . Here, we distinguish FeS am as the material that produces a broad but pronounced peak in conventional XRD patterns at d-values larger than~5.1 Å.
In this study we synthesized FeS from ferrous solutions, and the resulting precipitate was either nanocrystalline mackinawite (UL) or FeS am (UP). Since the same reaction was performed in both anaerobic chambers, the difference in the results is likely attributable to differences in redox conditions. Our product phases and observations during synthesis (such as the appearance of a pale yellow color of the solution) suggest that a slight, unquantified amount of oxidation might have occurred in the glovebox at the UP. On aging FeS am , we observed the formation of greigite; according to Schoonen and Barnes (1991b) , greigite forms only when conditions are not completely anoxic. Thus, our synthesis and aging conditions at the UP and the product FeS am could be representative of natural settings in which anoxic sediments are exposed to slightly oxidizing conditions. In contrast, nanocrystalline mackinawite appears to be the first FeS precipitate under fully anoxic conditions, such as maintained in the anaerobic chamber at UL. Whereas mackinawite has a welldefined and known structure (Lennie et al., 1995) , FeS am does not. Therefore, in the following we discuss our results concerning FeS am .
The observed d-spacing of 5.4 Å in FeS am is far larger than d (001) in crystalline mackinawite. Similar d-values were observed by several other authors (Table 2 ) and attributed to a structure consisting of mackinawite (001)-type sheets but lacking an ordered stacking of the sheets along the [001]-direction (Herbert et al., 1998; Ohfuji and Rickard, 2006) . The identification of the sheet-like features as mackinawite-type structural elements appears to be mainly based on indirect experimental or modeling evidence: (a) the structural homology between suggested aqueous Fe 2 S 2 clusters and the Fe coordination in crystalline mackinawite (Rickard and Luther, 2007) , (b) the layered structure and very stable (001) surface of crystalline mackinawite (Devey et al., 2009) , and (c) the fact that FeS am converts to mackinawite upon aging.
In our HRTEM images obtained from FeS am , two distinct spacings were measured: the distances between the wavy layers and those between the quasi-periodic contrast features (white dots) within the individual layers. None of these spacings are consistent with the structure of mackinawite. Within the layers, distances from~3 to 3.1 Å are typical (Fig. 5) . Our HRTEM image simulations of mackinawite indicate that under a wide range of specimen thickness and objective lens defocus values, the distances between strong, intralayer contrast features are associated with the spacings of Fe positions that are 2.6 Å apart, when viewed along [110] (not shown). The projected Fe-Fe spacings are even smaller in other orientations that are perpendicular to c. On the other hand, the distances between octahedral Fe atoms within a close-packed sheet are 3.05 and 3.0 Å in greigite and pyrrhotite, respectively. Thus, the measured intralayer 3-3.1 Å distances in FeS am suggest the presence of octahedrally coordinated Fe atoms between close-packed sulfide layers instead of a mackinawite-like tetrahedral coordination of Fe.
The average distance between the individual layers of our initial precipitate FeS am is best reflected by the~5.4 Å peak in the XRD pattern. In HRTEM micrographs we measured layer distances betweeñ 5.3 and 6.3 Å. Various causes were proposed for the expansion of this spacing relative to the d (001) of crystalline mackinawite, including the incorporation of either water molecules or oxygen between the (001) sheets (Wolthers et al., 2003) . X-ray photoelectron spectroscopy studies identified Fe (III), presumably in greigite-like octahedral coordination, both on the surfaces of mackinawite (Mullet et al., 2002) and in poorly crystalline FeS (Herbert et al., 1998) . It is tempting to describe the observed few-layer-thick sheets as hydrated sulfide analogs of metal hydroxides; however, SH groups were never detected by spectroscopic analyses of samples that can be regarded equivalent to FeS am (Rickard and Luther, 2007) . It also cannot be Fig. 9 . XRD patterns of FeS samples (UL) that were reacted for 5 h at the temperatures indicated on each diffractogram. Calculated patterns for mackinawite (mk), pyrrhotite (po) and greigite (gr) are shown on the top. + and # mark elemental S and Al peaks from the sample holder, respectively. Although adding glycerol to the samples to avoid oxidation was successful, this procedure resulted in a large background in the 2Θ range of 18-24°for some samples. excluded that simply the disordered stacking of curved layers results in weaker van der Waals bonds and larger distances between layers. At present, we can only speculate that individual layers within the characteristic sheet-like features in FeS am consist of octahedrally coordinated Fe atoms between the close-packed, perhaps hydrated sulfide layers. In any case, our results strongly suggest that nonmackinawite-like structural units occur in FeS am .
Even though the semi-ordered layers discussed above are prominent features in HRTEM images, most of the volume of FeS am is amorphous, as indicated by SAED patterns. PDF analysis of SAED patterns suggests that the bulk of FeS am consists of Fe tetrahedrally coordinated by S, but any order breaks down beyond~6-7 Å (Fig. 4) . Thus, the entire material can be regarded as sheets consisting of a few atomic-layer-thick, semiordered layers at their cores, covered by thick, amorphous FeS in which Fe is in tetrahedral coordination. A consensus on the particle size of precipitated FeS is lacking. A wide range of values can be found in the literature, depending on whether BET, XRD or HRTEM was used for particle size determination (as discussed by Rickard and Luther, 2007) . Coherently diffracting domains were found to be only a few nm large (Michel et al., 2005) , consistent with TEM observations of Jeong et al. (2008) . Ohfuji and Rickard (2006) also measured particle lengths of 3 to 11 nm on the basis of visible lattice fringes in HRTEM images. While this method is useful for determining the coherently diffracting domain size, it does not provide information about the dimensions of the curved, sheet-like features because the fringes can go out of contrast as a result of the bending of sheets. In light of our results, in the case of FeS am , it is almost meaningless to attempt to determine particle sizes, since the material is a complex aggregate of interwoven, curved, sheet-like features, and within the aggregates it is difficult to define the actual particle dimensions (Fig. 3) . Nevertheless, the sizes of poorly-ordered, presumably coherently-diffracting domains observed with HRTEM are consistent with the few nm-sized particles described in most previous studies. In the case of nanocrystalline mackinawite (Fig. 10a) , our crystal size dimensions of 10-500 nm are consistent with earlier reports (Taylor et al., 1979; Kornicker, 1988; Rickard and Luther, 1997; Benning et al., 2000; Wolthers et al., 2003) .
Phase transformations 4.2.1. Aqueous transformation of FeS am into greigite
FeS am that was reacted in a solution at room temperature slowly converted to greigite. Intermediate products contained both greigiteand mackinawite-type structural units, as indicated by both XRD and SAED patterns (Figs. 2 and 6 ). The amorphous material gradually disappeared and after 10 months the entire sample turned into crystalline greigite (Table 3 ). The driving force for the phase transition was probably the presence of excess sulfur in the form of polysulfides that partly oxidized Fe (II) (Hunger and Benning, 2007) . The transformation was slow because the solution had a nearly neutral pH, and greigite preferentially forms from mackinawite under more acidic and oxidizing conditions (Schoonen and Barnes, 1991b; Rickard and Luther, 2007) . Interestingly, at the time resolution of our experiments, samples consisting of only mackinawite were never observed. Thus, in an aqueous, sulfidic environment the FeS am produced using our method converts to greigite through an intermediate state that can be characterized as a mackinawite/ greigite mixture of nanocrystals.
Since most of the initially precipitated material was amorphous, we assume that a rearrangement into greigite without any restrictions on orientation is most likely. Presumably, the semi-ordered, layered features which probably contain octahedral iron could serve as seeds for greigite formation. However, the complete recrystallization of the sample is evident from the decrease in grain size from larger sheets into smaller greigite platelets (Figs. 3 and 7) .
Transformations of FeS upon heating
The crystallinity of FeS slurries that were reacted at 120°C for 2 h increased, as indicated by XRD patterns that were consistent with ordered mackinawite (Fig. 9) . The mackinawite crystals formed after reaction at 120°C had platy habits (Fig. 10a) indicating some recrystallization of the sample. Both the formation of mackinawite with minor greigite at 120°C, and the formation of hexagonal pyrrhotite at and above 150°C are consistent with the results of similar quench experiments by Schoonen and Barnes (1991a) . Fig. 11 . SEM images of (a) pyrrhotite and (b) presumably greigite crystals, and SAED patterns of (c) 4C pyrrhotite, (d) troilite and (e) greigite crystals in FeS samples that were heated at 150°C for 5 h.
Dry transformation of mackinawite into greigite
The crystalline mackinawite almost completely converted to greigite after 3 months in the samples that were reacted at 120°C and then stored under anaerobic conditions (Table 3 ). The transition to greigite was thus much faster in a dry state compared to the solution-aged samples, suggesting that a different mechanism was active. Benning et al. (2000) and Rickard and Luther (2007) discussed that even a relatively small amount of oxygen, either on the surface of the original mackinawite or introduced when the sample is briefly handled in air, can be sufficient to trigger the conversion of mackinawite into greigite. Even though we tried to ensure fully anoxic conditions during sample storage, transfer and analyses, the complete exclusion of oxygen was probably not achieved and we believe that in our dry-stored samples the fast transition to greigite was caused by air exposure. Dry conversions of mackinawite to greigite were previously reported in controlled oxidation experiments (Lennie et al., 1997; Boursiquot et al., 2001) , and also in magnetosomes from magnetotactic bacteria (Pósfai et al., 1998) , where the transformation was attributed to uncontrolled oxidation by air during specimen handling. The transformation in the dry powder samples proceeded faster than in the solution-aged, ambient-temperature samples because the starting material was crystalline mackinawite instead of poorly ordered FeS am , facilitating the solid-state conversion from mackinawite and greigite.
